Introduction {#s1}
============

Acetaminophen (APAP) has been used to treat pain and fever for more than 50 years. While it is safe and effective when used as directed, due to its relatively narrow therapeutic index and widespread availability, exceeding the recommended dose can lead to liver toxicity. For adults, a single dose of 10--15 g can cause hepatic necrosis, and for some individuals the toxicity threshold may be lower ([@B1], [@B2]). Currently, overdose of APAP is the most prevalent cause of acute liver failure in many countries, including the USA and the UK ([@B3]).

In hepatocytes, APAP is metabolized into N-acetyl-p-benzoquinone imine (NAPQI) mainly by cytochrome P450 2E1. Accumulated NAPQI depletes glutathione (GSH) and binds to mitochondrial proteins ([@B4]), which leads to inhibition of mitochondrial respiration ([@B5], [@B6]) resulting in reactive oxygen species (ROS) formation ([@B7]). In addition to NAPQI/ROS-induced hepatotoxicity, liver injury is propagated by an inflammatory response after APAP is metabolized ([@B8]). This triggers the innate immune response, including activation of neutrophils ([@B9]--[@B11]), and upregulation of inflammatory cytokines. Due to the clinical relevance of APAP toxicity, it is important to understand which immune system components and the cell signaling mechanisms are involved in APAP induced inflammation.

To control excessive cytokine effects, the cytokine signal is negatively regulated by a number of proteins, including protein inhibitor of activated STAT (PIAS; a signal transducer and activator of transcription), protein tyrosine phosphatases, and suppressors of cytokine signaling (SOCS) ([@B12], [@B13]). The family of SOCS proteins was originally described as comprising feedback inhibitors of cytokine-induced JAK/STAT signaling and consists of eight members, SOCS1-7 and cytokine-inducible Src homology 2 (SH2)-containing protein (CIS) ([@B14]). SOCS2 was originally described as a feedback inhibitor of the growth hormone (GH)/insulin-like growth factor axis ([@B15]). SOCS2 regulates the protein levels of other members, such SOCS1 and SOCS3, potentiating the signaling regulated by these SOCS proteins ([@B16], [@B17]).

Recently, SOCS2 has been recognized as a modulator of the immune system in different experimental models, playing several immune and oxidative stress regulatory functions, notably during infections ([@B18]--[@B20]). The absence of SOCS2 is related to unbalanced inflammatory response during *Toxoplasma gondii, Trypanosoma cruzi* and *Plasmodium berghei* ANKA infection ([@B19]--[@B21]). These studies demonstrated that SOCS2 is involved in a complex mechanism of balancing physiological functions of heart and brain by controlling the neurotrophic factors production and calcium handling, respectively, and being crucial for the generation/differentiation of the immune response, mainly by Th1, Th2, Th17, and T regulatory cells ([@B18]--[@B21]).

Here, the role of SOCS2 in the liver was assessed using a model of liver injury caused by acetaminophen overdose. In the absence of SOCS2, hepatic necrosis caused by APAP lead to increased through immune responses such as neutrophil recruitment, and cytokine and ROS generation. The findings suggest that SOCS2 plays a biologically important role in restraining deleterious immune responses in the liver upon APAP treatment. Our work offers insights into the signaling mechanisms involved in APAP-induced liver injury, and suggests new therapeutic targets to this important clinical problem.

Materials and Methods {#s2}
=====================

Mice
----

Wild-type (WT) C57BL/6J male mice (8--10 weeks old) were obtained from the Centro de Bioterismo, Universidade Federal de Minas Gerais (UFMG), Minas Gerais, Brazil. SOCS2 knockout mice (SOCS2^−/−^) (8--10 weeks old) ([@B15]) were a kind gift from Dr. Warren S. Alexander (the Walter and Eliza Hall Institute of Medical Research, Australia). The study was carried out in strict accordance with Brazilian guidelines on animal work, and recommendations in the Guide for the Care and Use of Laboratory Animals of the NIH. All experiments and procedures were approved by the UFMG animal ethics committee (CETEA/UFMG, protocol 331/2015).

Experimental Design for Drug-Induced Liver Injury Model
-------------------------------------------------------

For the *in vivo* experiments, APAP was orally administered (600 mg/kg; Sigma-Aldrich, St. Louis, Missouri, USA) after 15 h of fasting. Control mice received warm sterile saline as a vehicle. In the survival experiments, mice were observed for 48 h. For the subsequent experiments, mice were anesthetized with a mixture of ketamine and xylazine (60 mg/kg and 15 mg/kg, respectively) after 2, 6, and 12 h of treatment and blood was obtained from the cava vein for evaluation of serum, and liver harvested for analysis. Intraperitoneal (i.p.) catalase (Sigma-Aldrich) was administrated at 5,000 U/kg 12 h before APAP, and in the moment of APAP challenge. In these experiments, mice were euthanized 2 h after APAP treatment.

Biochemical Assays
------------------

Alanine aminotransferase (ALT) activity was estimated in serum using a kinetic assay kit (Bioclin, Brazil). The test is based on the consumption of pyruvate, formed in the presence of ALT in the serum sample. Consumption is proportional to the presence of ALT in the sample, and the result was measured in at 340 nm. Fragments from liver were collected to measure the reduced glutathione levels (GSH) ([@B22]) and myeloperoxidase (MPO) activity ([@B11]). The GSH quantification assay was performed in the liver ([@B22]). Samples were disrupted with a homogenizer and trichloroacetic acid, and centrifuged. The supernatant was incubated with 5,5′-dithiobis(2-nitrobenzoic acid) (0.25 M in methanol + Tris-HCl 1:3), and immediately measured at 415 nm. For determination of MPO activity, the assay included 25 μl of 3,3′,5,5′ tetramethylbenzidine (Sigma) in PBS (pH 5.4) as the color reagent. The number of neutrophils in each sample was calculated with reference to a standard curve of the number of neutrophils obtained from the peritoneal cavity of 5% casein--treated mice processed in the same manner, with results in the liver tissue expressed as the relative number of neutrophils per milligram of tissue wet weight.

*In vivo* Mice Imaging
----------------------

Liver confocal intravital microscopy was performed as described ([@B23]). Sytox Green (100 μL/mouse, 50 μM, Invitrogen, Carlsbad, CA, USA) and PE-conjugated anti-GR1 (4 μg/mouse; 40 μg/ml, eBioscience, San Diego, CA, USA) were injected intravenous (i.v.) 10 min before confocal microscopy imaging (Nikon, ECLIPSE 50i). Liver necrosis and neutrophil quantifications were performed using Volocity software (PerkinElmer).

Histopathology
--------------

Liver samples from euthanized mice were obtained and processed for histopathological evaluation. Samples were fixed in 10% buffered formalin for 24 h and embedded in paraffin for tissue sectioning (5 μm thickness). The sections were stained with hematoxylin and eosin (H&E) and evaluated under a microscope (BX53, Olympus Latin America Inc.) adapted to a microcamera (Q-Color3, Olympus Latin America Inc., SP, Brazil). The histopathological score was adapted from Costa et al. ([@B24]), and evaluated hepatocytes degeneration and necrosis, inflammatory cell infiltration, and hemorrhage. A five-point score (0, absent; 1, minimal; 2, slight; 3, moderate; 4, marked; and 5, severe) was added to each parameter of analysis. The overall score was taken into account, and the results were plotted as the mean value of tissue damage for each mouse. The evaluations were performed in a blinded manner by a previously trained investigator.

mRNA Expression
---------------

Quantification of mRNA expression was performed by real-time PCR (qPCR) analysis. Total RNA liver was isolated using RNeasy® Mini Kit (QIAGEN, Hilden, Germany). cDNA was generated by SuperScript III reverse transcriptase (Invitrogen), and amplified by SYBR green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The relative differences in expression between groups were expressed using threshold cycle (Ct) values generated by the ABI Prism 7500 Fast Sequence Detection System SDS (Life Technologies, Carlsbad, CA, USA). All genes evaluated were first normalized to GAPDH, and then expressed relative to a control arbitrarily set as 1.0. Calculations were performed using the 2^∧^(--ddCt) formula. The following primer sequences were used: TNF-α (forward 5′ACGGCATGGATCTCAAAGAC3′, reverse 5′AGATAGCAAATCGGCTGACG3′), IL-6 (forward 5′TTCCATCCAGTTGCCTTCTTG3′, reverse 5′TTGGGAGTGGTATCCTCTGTGA3′), IL-10 (forward 5′GCTCTTACTGACTGGCATGAG3′, reverse 5′CGCAGCTCTAGGAGCATGTG3′), CXCL-1 (forward 5′TGTCCCCAAGTAACGGAGAAA3′, reverse 5′TGTCAGAAGCCAGCGTTCAC3′), TGF-β (forward 5′GAGGTCACCCGCGTGCTA3′, reverse 5′TGTGTGAGATGTCTTTGGTTTTCTC3′) and GAPDH (forward 5′ACGGCCGCATCTTCTTGTGCA3′, reverse 5′CGGCCAAATCCGTTCACACCGA3′).

Western Blot
------------

Liver tissues were homogenized with lysis buffer, and lysates were centrifuged at 15,000 g for 15 min. Proteins (80 μg) were separated on a 12% SDS-polyacrylamide gel, and then transferred to a nitrocelulose membrane (Millipore, Billerica, MA, USA). After blocking in 5% (w/v) non-fat dried milk dissolved in Tris-buffered saline (10 mM Tris, 150 mM NaCl and 0.05% Tween-20, pH 7.8), the membrane was incubated with specific primary antibody against SOCS2 (1:1,000, Cell Signaling, Danvers, MA, USA), or β-actin (1:5,000, Sigma--Aldrich) for 2 h at 23°C. The blots were then incubated in the corresponding horseradish peroxidase-conjugated immunoglobulin g (Cell Signaling). The immunocomplex was detected by the ECL detection system (GE Healthcare, Little Chalfont, United Kingdom). The relative density of the protein bands was quantified by densitometry using Image J (U. S. National Institutes of Health, Bethesda, Maryland, USA). The density of each band was normalized by background and β-actin.

Primary Murine Hepatocytes Culture
----------------------------------

Primary hepatocytes purification was performed as described previously ([@B25]). Briefly, mice were anesthetized and submitted to liver perfusion with collagenase (Sigma-Aldrich, C2139) through the portal vein. After the perfusion, the liver was dissociated in Williams\' E medium, and the material was filtered through a 40 μm sterile nylon mesh. After centrifugation, cell viability was determined by trypan blue dye, and the hepatocytes were plated in Williams\' E medium supplemented with 10% fetal bovine serum and incubated at 37°C in 5% CO2 humidified incubator. Hepatocytes from WT and SOCS2^−/−^ were treated with different stimulus: APAP at 5 mM dissolved in 1% dimethyl sulfoxide (DMSO), hydrogen peroxide (Sigma-Aldrich) at 250 mM, catalase at 60 U/mL, IL-6 (R&D Systems) at 100 ng/mL, and TNF-α (R&D Systems) at 100 ng/mL. After specific times, hepatocytes viability was assessed by the release of lactate dehydrogenase (LDH) in supernatant using a LDH kinetic assay kit (Bioclin, Brazil).

Reactive Oxygen Species (ROS) Production
----------------------------------------

Primary hepatocytes treated with 5 mM APAP were incubated with 25 μM of 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA; Invitrogen) for 30 min to assess the intracellular ROS generation. The samples were quantified by fluorimetry. Data were expressed as fold change in arbitrary units of fluorescence.

IkBα, p-IkBα, and GAPDH Expression in Primary Hepatocytes
---------------------------------------------------------

After incubation with 5 mM of APAP (15, 30, 45, and 90 min), protein suspensions derived from primary hepatocytes were collected for western blot analysis. Proteins (30 μg) were loaded and electrophoresed on a 12% SDS-polyacrylamide gel as described above. The activation of MAPK proteins was evaluated using specific primary antibodies to total IkBα, p-IkBα, and GAPDH (1:1,000, Cell Signaling).

Immunofluorescence
------------------

Hepatocytes were fixed, permeabilized, blocked and incubated with primary NFkb antibody (1:100; Cell Signaling), followed by propidium iodide (PI, 30 μM; Sigma-Aldrich) for 30 min. Images were obtained using confocal microscopy (Nikon, ECLIPSE 50i). The linear fluorescence profile was obtained using Volocity software (PerkinElmer).

Statistical Analysis
--------------------

Results are shown as the mean ± standard error (SEM). Differences for variables normally distributed were compared by using Student\'s *t*-test (unpaired) or analysis of variance (ANOVA). Bonferroni post-test was used as needed for multiple comparisons. The significance level was set at the level of *p* \< 0.05. Statistical analyses were performed using Prism 5 software (GraphPad, La Jolla, CA, USA).

Results {#s3}
=======

APAP challenge Causes Downregulation of SOCS2 Expression in the Liver of WT Mice
--------------------------------------------------------------------------------

In order to examine a putative role for SOCS2 in the modulation of APAP toxicity, we determined SOCS2 expression levels in the liver of WT mice treated with 600 mg/kg of APAP Figure [1A](#F1){ref-type="fig"}. SOCS2 was upregulated 2 h after APAP treatment, and then decreased to below background levels after 12 h of treatment (Figures [1B,C](#F1){ref-type="fig"}).

![Expression of SOCS2 in the liver decreased after administration of APAP. **(A)** *In vivo* treatment schedule with APAP. After 15 h of fasting, WT and SOCS2^−/−^ animals receive 600 mg/kg of APAP or saline as a control. After 2, 6, and 12 h, liver and serum were collected for analysis. **(B)** Representative western blot of SOCS2 and β-actin expression in the liver of WT animals (*n* = 3) after 0 (control), 2, 6, and 12 h of APAP administration (600 mg/kg). **(C)** Densitometry referring to **(B)** were the expression of SOCS2 was normalized with respect to the expression of the endogenous β-actin gene. The figure shows the means of three independent experiments (*n* = 3 per group) ± SEM. ^\*^*p* \< 0.05 (statistical significance performed by one-way ANOVA, with Tukey post-test).](fimmu-09-03134-g0001){#F1}

APAP-Induced Mortality and Liver Necrosis Are Increased in SOCS2^−/−^ Mice
--------------------------------------------------------------------------

To assess SOCS2 function, the survival of APAP-treated WT and SOCS2^−/−^ mice was determined. APAP challenge of WT mice was accompanied by \~30% lethality rate at 48 h. Lethality rates for SOCS2^−/−^ mice were significantly higher (Figure [2A](#F2){ref-type="fig"}). The reduced survival rate in SOCS2^−/−^ mice can be explained by increased ALT levels detected in the serum, a specific marker of liver injury, at 2 and 12 h after APAP administration (Figure [2B](#F2){ref-type="fig"}). The analysis of tissue sections demonstrated greater areas of necrosis in SOCS2^−/−^ mice at 2 and 6 h after challenge, an effect that was clearly observed in the histophatological scores, when compared with WT counterparts (Figures [2C,D](#F2){ref-type="fig"}). In addition, APAP-induced liver injury was associated with a marked increase in tissue Sytox Green staining (demonstrating DNA release by necrotic cells) in the liver of SOCS2^−/−^ compared to WT mice (Figures [2E,F](#F2){ref-type="fig"}).

![Deficiency of SOCS2 promoted increased lethality and necrosis in mice after APAP treatment. **(A)** Percentage of death from WT and SOCS2^−/−^ mice (*n* = 12), observed for 48 h after administration of APAP (600 mg/kg). ^\*^*p* \< 0.05 (statistical significance performed by the log-rank test). **(B)** Release of ALT in the serum (*n* = 4) and **(C)** histopathological score calculated based on the parameters necrosis, degeneration, hemorrhage and inflammatory infiltrate at the time indicated in the figures. Values used for evaluation were: 0, absent; 1, minimum; 2, light; 3, moderate; 4, striking; 5, severe. **(D)** Representative image of hepatic histology with H&E staining (20x magnification). **(E)** Stained fluorescence of the Sytox Green Marker (green); Intensity of fluorescence (MFI). **(F)** Representative image of intravital confocal microscopy (*n* = 3) in which necrosis was marked by Sytox Green (increase of 60x). Data were expressed as the mean ± SEM. ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01 (statistical significance performed by Student\'s *T*-test).](fimmu-09-03134-g0002){#F2}

SOCS2 Controls Inflammation During APAP-Induced Injury
------------------------------------------------------

First, because conditions that interfere with metabolism and metabolic activation can alter the hepatotoxicity of the APAP, we evaluated if the increased metabolism of the drug was responsible for the higher injury detected in SOCS2^−/−^ mice. As shown in Figure [3A](#F3){ref-type="fig"}, depletion of GSH was similar between WT and SOCS2^−/−^ at the basal levels and during all time of kinetics analyzed after APAP treatment. Next we investigated the role of this protein in the cellular recruitment. MPO activity, an indirect marker of neutrophil presence in tissue, was increased in the liver of SOCS2^−/−^ mice at 12 h after challenge when compared with WT (Figure [3B](#F3){ref-type="fig"}). Intravital analyses of neuthophils stained with Gr1 PE^+^ confirmed the higher infiltration of these cells in the liver of KO mice, mainly in the necrotic area, at 12 h after APAP challenge when compared with WT (Figures [3C,D](#F3){ref-type="fig"}). In addition, SOCS2 deficient mice treated with APAP also displayed an increased expression of TNF-α, IL-6, and CXCL-1 and decreased expression of IL-10 and TGF-β hepatic gene, when compared with WT counterparts (Figures [4A](#F4){ref-type="fig"}--[E](#F4){ref-type="fig"}). Because cytokines such as TNF-α and IL-6 are associated with protein oxidation and membrane damage caused by ROS and hepatocyte susceptibility during APAP overdose *in vivo*, we purified WT and SOCS2^−/−^ hepatocytes and *in vitro* stimulated them with IL-6 and TNF-α in order to determine their susceptibility in this environment. Compared to WT cells, SOCS2 deficient hepatocytes were more susceptible to the presence of pro-inflammatory cytokines IL-6 and TNF-α *in vitro*, as shown by higher cell death (Figure [4F](#F4){ref-type="fig"}).

![Deficiency of SOCS2 resulted in higher necrosis, without alteration of metabolic factors in the liver after APAP treatment. Analyses were performed in the liver of WT animals (*n* = 4) and SOCS2^−/−^ (*n* = 4) after treatment with APAP (600 mg/kg). **(A)** Measurement of GSH in the liver using a colorimetric reaction with DNTB. Data represent the mean ± SEM. **(B)** The number of neutrophils estimated by determination of MPO activity as described in the material and methods. **(C)** Intravital confocal/quantification of neutrophils (Gr1-PE^+^ cells) using the Volocity program 6.3. **(D)** Intravital confocal microscopy shows the staining with antibody Gr1-PE + (red)---neutrophils---within the hepatic necrotic area (marked with Sytox Green---green) 12 h after treatment. The merge figures represent the overlap of the neutrophils and necrosis images (40x magnification). Data represent mean ± SEM. ^\*\*^*p* \< 0.01 (statistical significance performed by Student\'s *T*-test).](fimmu-09-03134-g0003){#F3}

![Deficiency of SOCS2 lead to different expression of inflammatory genes in mice livers after APAP overdose, and enhanced hepatocyte death after stimulus with pro-inflammatory cytokine *in vitro*. WT animals (*n* = 4 per group) and SOCS2^−/−^ (*n* = 4 per group) were treated with APAP (600 mg/kg) and euthanized after 2, 6, and 12 h. Livers were harvested for qPCR analysis of genes related to cytokines and chemokine. The results were normalized with the endogenous GAPDH gene, and expressed in relation to the vehicle (saline) treated control. The figures show the means of three independent experiments (*n* = 4 per group) ± SEM. ^\*^*p* \< 0.05; ^\*\*\*^*p* \< 0.001 (statistical significance performed by one-way ANOVA, with Tukey post-test). **(A)** TNF-α, **(B)** IL-6, **(C)** CXCL-1, **(D)** IL-10 e **(E)** TGF-β relative expression. **(F)** Hepatocytes death measured by LDH (lactate dehydrogenase) release after incubation with stimulus \[IL-6 (100 ng/mL) alone or in combination with TNF-α (100 ng/mL)\]. Cell death was represented as a ratio of LDH release by hepatocytes in the presence of cytokines relative to LDH release by vehicle treated cells. Data are represented as the mean ± SEM. ^\*^*p* \< 0.05 (statistical significance was performed by Student\'s *T*-test).](fimmu-09-03134-g0004){#F4}

SOCS2 Regulates the Expression of p-IkBα and p-NF-κB (p-p65) in Hepatocytes Upon APAP Treatment
-----------------------------------------------------------------------------------------------

To investigate the hypotheses that SOCS2 mediates counter-regulatory activity in hepatocytes, an *in vitro* model of primary hepatocytes isolated from WT and SOCS2^−/−^ mice was used. The expression of IkBα **and p-**IkBα was analyzed at 15, 30, 45, and 90 min after APAP stimulus (Figure [5A](#F5){ref-type="fig"}). The pIkBα/IkBα ratio, one of the triggers for NF-κB activation, was diminished after APAP stimulus in KO cells compared to WT cells (Figures [5B,C](#F5){ref-type="fig"}). Accordingly, the translocation and consequent activation of p-NF-κB is higher in SOCS2^−/−^ hepatocytes at basal levels up to 45 min after APAP incubation when compared with WT cells (Figures [5D,E](#F5){ref-type="fig"}).

![Modulation of IKBα/NF-κB expression in hepatocytes by SOCS2 upon APAP incubation. **(A)** Schematic representation of the primary hepatocytes culture (2 × 10^5^ cells/well) of WT and SOCS2^−/−^ mice, isolated and cultured *in vitro* with APAP (5 mM), during the kinetics of 0, 15, 30, 45, and 90 min. After each time, cells were lysed and the proteins collected for western blot analyzes. **(B)** Western blot analysis of total IkBα and p-IkBα (37 kDa) and endogenous GAPDH control (37 kDa). **(C)** Densitometry corresponding to p-IkBα western blot normalized to total IkBα levels. **(D)** Representative image of *in vitro* NF-κB translocation in primary hepatocytes isolated from WT and SOCS2^−/−^ mice 30 min after incubation with APAP (5 mM) or vehicle. Hepatocytes were labeled with FITC (green) for the NF-kB protein p-p65, and with PI (red) for the nucleus. **(E)** Quantification of p-p65 translocation to hepatocyte nucleus at 0, 15, 30, 45 and 90 min after incubation with APAP (5 mM). The mean fluorescence intensity was determined by the Volocity 6.3 software. Data were expressed as the mean ± SEM (*n* = 5). ^\*^*p* \< 0.05; ^\*\*\*^*p* \< 0.001 (statistical significance performed by Student\'s *T*-test).](fimmu-09-03134-g0005){#F5}

APAP-Induced Oxidative Stress Was Increased in SOCS2^−/−^ Hepatocytes
---------------------------------------------------------------------

ROS is an important cytotoxic mediator produced by liver during APAP intoxication. Thus, we evaluated if SOCS2 modulates the levels of ROS formation in hepatocytes upon APAP stimulus Figure [6A](#F6){ref-type="fig"}. SOCS2 deficient hepatocytes produced increased levels of ROS 12 h after APAP stimulus compared to WT cells (Figure [6B](#F6){ref-type="fig"}). In addition, the deficiency of SOCS2 resulted in greater APAP sensitivity to H~2~O~2~ enhancing cell death relative to WT (Figure [6C](#F6){ref-type="fig"}).

![Role of SOCS2 in the regulation of oxidative stress and necrosis levels during APAP treatment. **(A)** Schematic representation of *in vitro* experiments performed on items **(B--D)**. 2 × 10^5^ primary hepatocytes/well were incubated with different stimuli. **(B)** The ROS probe (H2DCF-DA, 25 μM) was added to the primary hepatocytes, and after 2 and 12 h the arbitrary fluorescence units were detected and normalized relative to the vehicle-treated control. **(C)** Cell death of the primary hepatocytes cultured with APAP (5 mM) and H~2~O~2~ (250 mM). Cell viability was assessed after 2 and 12 h by the release of the LDH in the culture supernatant, and the result was expressed in relation to the vehicle treated control. **(D)** Effects of treatment with 60 U/mL of catalase (CAT) to reduce cell death after 12 h treatment of hepatocytes with APAP (5 mM). Data represent the mean ± SEM. ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01 (statistical significance was performed by Student\'s *T*-test). **(E)** Representative scheme of *in vivo* experiments to evaluate the action of catalase on hepatic necrosis. WT and SOCS2^−/−^ mice were treated with 5000 U/kg i.p. of CAT 12 h (*n* = 6) or not (*n* = 12) before APAP treatment. At the time of administration of 600 mg/kg APAP, animals were challenged with the same dose of catalase given above. **(F)** Percentage of death from WT and SOCS2^−/−^ mice, observed for 48 h after treatments. ^\*^*p* \< 0.05 (statistical significance performed by the log-rank test). **(G)** After 2 h of treatments, the animals were sacrificed and the serum and liver collected for analysis. Measurement of serum ALT release from mice after APAP alone and with catalase treatments. The liver was collected for qPCR analysis of genes related to TNF-α and IL-6. The results were normalized with the endogenous GAPDH gene, and expressed in relation to the vehicle (saline) treated control. **(H)** Representative images of hepatic histology. The arrows indicate the areas of centrolobular necrosis. **(I)** Histopathological score of the liver from these animals evaluated: necrosis, degeneration, hemorrhage and inflammatory infiltrate. Values used for evaluation were: 0, absent; 1, minimum; 2, light; 3, moderate; 4, striking; 5, severe. Data represent the mean ± SEM. ^\*\*^*p* \< 0.01; ^\*\*\*^*p* \< 0.001 (statistical significance was performed by Student\'s *T*-test).](fimmu-09-03134-g0006){#F6}

Catalase Treatment Decreased the Exacerbated Oxidative Stress Production Found in APAP-Treated SOCS2^−/−^ Mice
--------------------------------------------------------------------------------------------------------------

Catalase is the major enzyme responsible for H~2~O~2~ metabolism. The addition of catalase decreased the toxicity of APAP in SOCS2^−/−^, but not in WT hepatocytes *in vitro* (Figure [6D](#F6){ref-type="fig"}). The efficacy of catalase treatment was tested *in vivo* in mice pre-treated with catalase 12 h before and at the time of APAP challenge (Figure [6E](#F6){ref-type="fig"}). Treatment with catalase reduced dramatically the SOCS2^−/−^ mice mortality (Figure [6F](#F6){ref-type="fig"}), and the ALT levels (Figure [6G](#F6){ref-type="fig"}), and TNF-α and IL6 expression (Figure [6G](#F6){ref-type="fig"}) in liver of both WT and SOCS2^−/−^ mice. Although SOCS2^−/−^ mice still presented more necrosis in the liver compared with WT, the reduction in this transaminase reaches the same level found in WT mice (Figure [6G](#F6){ref-type="fig"}). The reduction of necrosis around the centrilobular area was shown in the histopathological sections of treated mice subjected to APAP injury (Figures [6H,I](#F6){ref-type="fig"}).

Discussion {#s4}
==========

Because APAP is present in many formulations, alone or in combination with other drugs, there is an increasing concern of excessive dosage causing liver damage. In addition, alcohol use, malnutrition, and other factors can predispose one to APAP induced hepatotoxicity, even when administered in recommended or low doses ([@B1]). The development of these idiosyncratic reactions involves genetic determinants and may be drug-specific ([@B26]), as well as having critical involvement of immune mechanisms ([@B27]). SOCS2 has important roles in the immune system, especially in autoimmunity and infection ([@B19]--[@B21], [@B28]). It is important to understand how key molecules in balancing of the immune system and physiological functions, such as SOCS2, can influence the response to APAP intoxication. Here, we demonstrated that after APAP overdose SOCS2 has roles in: (i) controlling liver necrosis; (ii) decreasing neutrophil recruitment; (iii) contributing to the preservation of an anti-inflammatory profile in hepatocytes, and (iv) helping to regulate oxidative stress.

SOCS2 is expressed in many organs, and was shown to balance metabolic and restorative requirements during liver regeneration after partial hepatectomy ([@B29]). We demonstrated here that upon *in vivo* APAP treatment, WT mice displayed a significant decrease in SOCS2 expression in the liver. Moreover, SOCS2 deficient mice treated with APAP presented elevated mortality when compared with WT, demonstrating that the presence of SOCS2 contributes to the survival of the animals in this model. To confirm these observations, we performed *in vivo* and *in situ* analysis of liver from WT and SOCS2-deficient mice. Deficiency of SOCS2 resulted in higher hepatic necrosis associated with increased in ALT levels, which can be observed as early as 2 h after administration. At 6 h, this difference is the same, and becomes higher in KO animals 12 h after intoxication when compared with WT. These observations were confirmed by confocal microscopy. Histology showed a slightly different profile, with greater necrosis in SOCS2^−/−^ mice 2 and 6 h after APAP administration. The differences may be due to the fact that in addition to necrosis, histology also evaluates degeneration, cellular infiltration, and hemorrhage. Despite this, histology confirmed that the type of lesion generated by the APAP is the same in the WT and SOCS2^−/−^ groups of animals: necrosis around the centrilobular area and in the pericentral hepatocytes. SOCS2 has heterogeneous expression in hepatocytes, being more expressed in the hepatocytes of the pericentral areas ([@B30]). The lack of SOCS2 in the cells in thedeath area seems to influence the degree and extent of necrosis. Taken together, the aforementioned observations suggests that there may be a differential initial mechanism that causes a more severe necrosis in SOCS2^−/−^ mice, and another that occurs later, making these animals more inflamed, and consequently causing greater lethality compared to WT mice.

The difference between reduction in hepatic expression of SOCS2 protein after 12 h of APAP overdose found here, and greater expression of SOCS2 mRNA in the liver after 6 h found by another study ([@B31]) may be justified by the fact that members of the SOCS family have marked post-transcriptional regulation, such as the inter-regulation that occurs between them. Additionally, SOCS2 acts as a negative regulator of other members of the family, such as SOCS1 and 3, and is therefore more expressed in late phases. SOCS3 has been described as an important factor in the increased liver damage caused by APAP, mainly by increasing the production of inflammatory cytokines such as TNF-α and IFN-γ ([@B32]). Therefore, a possible cause for higher necrosis found in the liver of the SOCS2^−/−^ animals could be the amplification of the process discussed above, mainly due to the greater activation of the immune system.

Considering that neutrophils are recruited into the inflammation area in response to chemokines and mitochondrial products, amplifying liver injury ([@B11]), and that SOCS2 modulates chemokine production and the migration of neutrophil-producing TNF-α to the peritoneal cavity upon LPS challenge, we asked whether chemokine production and migration of neutrophils to the liver was under the control of SOCS2 upon *in vivo* APAP treatment. There was a considerable increase in the number of neutrophils in both WT and SOCS2^−/−^ groups, but SOCS2^−/−^ animals presented increased recruitment of neutrophils 12 h after administration of APAP compared to WT. Furthermore, the neutrophils localized within the area of necrosis, corroborating the behavior of patrolling in this location ([@B33]). We also demonstrated higher expression of CXCL-1 chemokine in SOCS2^−/−^ animals. The CXCR-2 receptor binding chemokines have important roles in neutrophil recruitment to inflamed liver ([@B11]). The results suggest that *in vivo* regulation of APAP-induced chemokine production, and consequently neutrophil migration, is at least partially controlled by SOCS2.

We next asked whether SOCS2 plays a broader role in the intracellular regulatory pathways triggered by APAP. The IL-6 cytokine has a proinflammatory role and is more expressed in the liver of SOCS2 deficient animals. Elevated levels of IL-6 in the liver are associated with acute and chronic diseases ([@B34]). IL-6 binds directly to the receptor in the membrane of hepatocytes, activating protein expression via the JAK-STAT3 and NF-κB pathways ([@B35]). Because growth hormone and IL-6 are more abundant in the absence of SOCS2, it is possible that they are associated with higher activation of NF-κB found in this group of animals.

The lower activation of IkBα in the SOCS2^−/−^ animals could be related to the higher expression of NF-κB (p65 subunit, also called RelA) found in these animals. In the canonical pathway of NF-κB activation, phosphorylation of IkBα marks it for proteasome degradation, releasing NF-κB to the nucleus. Hepatocytes from SOCS2^−/−^ mice showed increased activation of NF-κB indicating that low levels of IkBα activation could be its degradation before stimulus. Although IKBα activation is the most studied and related to NF-κB activation, it is important to mention that that IkB has several isoforms, such as IkBβ and IkBε. It has also been shown that SOCS2^−/−^ mice had increased basal NF-κB expression in another hepatic model, corroborating our results ([@B36]).

In most cases, NF-κB controls the expression of target genes related to cell survival, however, in some instances it can promote cell death ([@B37]). ROS are able to modulate the NF-κB response, and ROS targets can attenuate the response promoting survival. In our model, higher NF-κB expression correlated with increased ROS production in SOCS2-deficient hepatocytes. ROS can interact with NF-κB at various stages of its signaling. ROS may stimulate NF-κB signaling by activating IKK, and downstream pathways, phosphorylation of IkBα, prompting its degradation, or phosphorylation of p65, leading to increased NF-κB translocation and binding to DNA. NF-κB alters ROS levels primarily by increasing the expression of antioxidant enzymes. However, this effect seems to be contrary to catalase. Schreiber et al. ([@B38]) suggested that catalase levels could decrease when there is canonical activation of NF-κB. Because SOCS2^−/−^ animals presented greater activation of NF-κB, we investigated if the addition of catalase to the system caused a decrease in the oxidative stress, and consequently the death of hepatocytes in the presence of APAP. Decreased necrosis and death in both WT and SOCS2^−/−^ mice that received catalase before and after APAP overdose supports this idea. SOCS2 deficient mice presented necrosis at the same level of WT animals, showing that oxidative stress can be reversed by the action of catalase 2 h after APAP intoxication. Treatment with catalase also reduced the expression of TNF-α and IL-6 in the liver of WT and SOCS2^−/−^ mice. Antioxidant treatment reduces phosphorylation of p65 at Ser276, which is necessary for its activity ([@B39]). Therefore, besides directly degrading ROS, catalase treatment may reduce NF-κB activity, which contribute to lower cell death found *in vitro* and *in vivo*. The catalase-induced reduction of ALT levels in SOCS2 ^−/−^ animals did not reach normal levels, but this may not be of clinical importance. Asymptomatic elevations of ALT 3 or more times above normal levels have been detected in chronic users of APAP within dosage limits. The clinical importance of these elevations during therapeutic use is unclear ([@B40]).

The present study revealed a clear phenotype in the absence of SOCS2 in model of hepatic inflammation generated by overdose of APAP. The higher lethality of these animals was due to the greater injury that occurred in the liver. APAP toxicity induced greater activation of NF-κB, which may have led to increase ROS production by hepatocytes. In the absence of SOCS2 the higher activation of these proteins may be related to higher production of ROS, which increases the initial injury (up to 2 h after treatment). The administration of catalase changed this profile, restoring the levels closer to those of WT animals. In addition, increased production of pro-inflammatory factors such as IL-6 and TNF-α, decreased production of IL-10 and TGF-β, and increased recruitment of neutrophils may amplify the lesion, which occurred 12 h after APAP intoxication. Further studies are required to understand the role of SOCS2 in the development of other adverse effects of APAP, such as kidney, pulmonary, endocrine, neurological, and neurodevelopmental toxicity. Collectively, our results suggested that the SOCS2 is a key regulator of the immune response in the liver after APAP treatment. Genetic polymorphisms in SOCS2, or failure in the induction of its expression may increase the susceptibility of hepatotoxicity caused by APAP.
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